Predominance of fossil-fuel technologies and lack of enough incentives to expand sustainable technologies has intensified energy issues and the global warming problem. Combining mathematical programming and decision-making techniques, this paper proposes a novel comprehensive multistage method to insert sustainability costs in determining the optimum strategy of energy system expansion for an energy-rich developing country. Since the sustainability attributes have the same value respecting all conversion technologies, a nonlinear equal-weight data envelopment analysis is used to evaluate the technologies based on environmental, social and economic sustainability dimensions, the weightings associated with which are calculated. Sustainability costs, including pollutant emission costs, water and land utilization, etc. are then calibrated by the weightings and a mixed integer programming model is used to determine the optimum share of each technology in electricity generation for Iran, during the period of 2013e2040. The results suggest a late shift from fossil-fuel consumption by increasing the share of renewable energies. The model demonstrates that in countries with excessive fossil-fuel resources and high contribution of fossil-fuel technologies, including sustainability costs/benefits cannot lead to commercialization of renewable energy technologies, unless governments design effective incentive/tax policies, or fuel prices ascend enough again. The recent fuel price drop even deteriorates the situation.
Introduction and literature review
Security of energy, exhaustion of fossil fuels and both the environmental and social costs of pollutants, water and land use, have made governments consider sustainability dimensions in energy expansion planning. However, the share of clean energy resources is still very low in most of developing countries. Moreover, in most energy-rich countries, the energy sector, even the entire economy is characterized by a dominance of fossil-fuels, like oil and natural gas.
In 2010, production of primary energy in Iran, as a developing country in the Middle East, was 2219.1 MBOE (million barrel oil equivalent). The highest share was for crude oil with 54.5%, followed by natural gas with 44.4% and coal with 0.2%, while the share of renewables was just 0.9% [1] . The share of renewable resources in electricity generation was about 14.3% with the majority from hydropower. Recently, natural gas, with 63.4% share in electricity generation, has dominated all other primary energy consumption. That is largely due to the huge natural gas resources in this country: 33.79 TCM (trillion cubic meters). Mix of the capacity of generation technologies in the countrywide electricity market is 23.4% ST (Steam power plant), 34.8% GT (Gas turbine power plant), 26 .4% CCGT (Combined cycle gas turbine), 13.5% Hydropower, 0.7% Nuclear power plant, and finally about 0.3% for the new renewable energies: wind, solar and biogas power plants [1] .
Governments, not only in developed countries [2] , but also in some of developing countries, like Malaysia [3] , are turning to diversification of their electricity production technologies to acquire more energy security and reduce fossil dependence, in spite of its abundance in their country. However, there are some challenges to encourage investments on renewable and non-fossil energies [4] . On the other hand, external costs of fossil fuels, including social and health costs, have made the governments increase their investment on clean energy resources, in particular nuclear and renewable resources, which further satisfy sustainability dimensions, especially by the latter rather than the former. Installation of 8487.8 MW hydro power in Iran, and expansion of wind power by 92.9 MW, in addition to new plans to spread solar and geothermal power plants by extra 4200 MW are some examples of this inclination [1] .
Both sustainability and diversification are main objectives of governments in contemporary energy planning [5] . Although there are many studies all around the world that try to assess which kind of energy technologies can better obtain certain objectives, less studies can be found that follow sustainability and diversity, while addressing spillover concerns simultaneously [6] . Spillover effect acts as a positive feedback (leading to a reinforcing loop) that causes an industry to spread rapidly by activating other industries in a region which complete the required supply chain. For the emerging energy technologies, such as wind turbines or PV (photovoltaic) panels, spillover is a desired mechanism that accelerates their expansion, e.g. the composite industry which procures row material for production of turbine blades. This work is a trial in determining the optimum share of each technology in a long-term time horizon along with consideration of all these concerns by means of a decision-making methodology [7] .
Some recent papers have used general purpose energy planning models, such as MESSAGE or LEAP (OSeMOSYS), to determine the optimum capacity and activity of power plants in countries with various levels of development, from Central Africa [8] to Canada. Mostly, these models optimize the investment and operation costs of the expansion of an energy system. Hainoun et al. [9] used MESSAGE to formulate long-term energy supply strategy for Syria. In this study the optimum share of each technology, the optimum import and export of resources and the annual optimum investment to expand capacity required to meet demand, are presented. Kiani et al. [10] used the same software to investigate whether it better served British Columbia to import electricity or to invest in expanding its power plants capacity to meet the growing electricity demand. Vaillancourt et al. [11] presented a World-Times model to analyze the role of nuclear energy in a long-term climate scenario. Vostrikovs et al. [12] used MESAP to simulate and evaluate several possible development scenarios and investigate their effects on electricity and fuel market in Latvia. Klaassen et al. [13] utilized MACRO-MESSAGE, and both Huang et al. [14] and Shin et al. [15] have run LEAP to model energy systems in their countries, recently. Moreover, Gomez et al. have developed a LEAP model for energy system of Spain to analyze the effect of economic crisis and lack of appropriate energy policies, in this country, on the future of energy system [16] . As an example of using TIMES, one may refer to the recent work done by Chiodi et al. [17] , who applied this capable modeling tool to study scenarios delivering an 80% emissions reduction target for Ireland's energy system by 2050. As another sample work, Tsai and Chang applied MARKAL to demonstrate a roadmap for GHG (Greenhouse Gas) mitigation in Taiwan, targeting 50e100% reduction by 2050, compared to 2000 levels [18] . One of the latest open-source models is OSeMOSYS, which is used by LEAP for planning too. Welsch et al. have demonstrated capabilities of this software in supporting security and adequacy of energy systems by running a so-called proof-of concept sample case. They show that the model is enhanced so that can treat variability issues, which are so probable for developing countries [19] . The LEAP model, empowered by the optimization part, is also used for sectorial analysis. For example, Ates have developed a LEAP model to explore the energy efficiency and CO 2 emission reduction potential of the iron and steel industry in Turkey [20] .
An important point of energy models application is that such models are generally based on techno-economic parameters with limitations on considering some sustainability parameters which are vital for planning. For instance, by MESSAGE-V (used for this study) it is only possible to consider the Socio-environmental costs of pollutant emissions alongside the system costs, or to apply constraints on their emissions in the entire system. It is also impossible to develop the system diversity in order to provide energy security and to decrease the invariable systems' negative effects. However, there are some efforts in the literature. [6] . In addition, most of commercial or non-commercial models are all prepared in developed countries, compatible with their own structures, and therefore may be incompatible with some energy system characteristics of developing countries. For instance, the option of supply shortage and its optimum percentage, which requires a valid estimate on its costs, is not considered in MESSAGE. Dynamics of efficiency depending on the accumulative operations and the impact of overhaul, which is frequent in developing countries, are not considered in most of the models, e.g. LEAP.
As a result, applying these models in the energy planning in such countries requires certain precautions. Bhattacharyya has reviewed energy system models well [21] , and Urban et al. [22] have discussed the main characteristics of the energy system in developing countries. Then, they have assessed adequacy of 12 selected energy models, including MESSAGE, MARKAL, LEAP etc. for these countries.
Nevertheless, developing countries have also employed these models to plan for the future of their energy systems. Besides those mentioned above, a study in a country close to Iran, from the institutional viewpoint and development level, is that of Dagher et al. [23] . They used a LEAP model for modeling possible future paths for Lebanon's electricity future and evaluating them environmentally, economically and socially. Various scenarios are compared by characteristics like the net present value of the costs of the system, amount of CO 2 emission, diversification of supply mix and dependence on fuel import. This study mentions some major barriers to the shift in the energy mix from fossil fuels toward renewable energy in developing countries: the first is the lack of required technical and managerial skills of employees of electricity policy making institutions to support the introduction of renewable energy sources; and the second hinder is inappropriate institutional structure of energy sector of developing countries. They believe serious institutional reform can facilitate the move toward cleaner fuels. For example, in 1992, India established the MNES (Ministry of Non-Conventional Energy Sources) to help promotion and penetration of renewable energy technologies. Third, tariff structure of many developing countries is problematic. It is usually subsidized for both poor and rich consumers, so that in some countries like Lebanon or Iran the electricity price is lower than its production cost.
To summarize, Table 1 , which briefly has listed some of these studies, indicates that researchers in many countries, with diverse levels of development, have been using such models for different purposes. However, it is noticeable that the researchers in less developed countries should consider in what circumstances are using the software, and what important factors are surrounding the energy modeling framework.
To avoid the probable problems of using such models in developing countries, some researchers have developed their own domestic optimization models. As an example, Ibrahim et al. [24] used a multivariable optimization model to optimize cost, environmental and tariff of electricity grid of Lebanon. This article refers to some major barriers preventing development of renewable technologies in developing countries like Lebanon. The high initial cost, the current low electricity tariffs, and the lack of appropriate regulations, financial incentives, good advertisement, public awareness, and necessary studies, accompanying unserious political wills, are some of these hinders. For Iran's northwestern power grid, Seddighi et al. [25] developed a multistage stochastic programming model to address sustainable power generation and transmission expansion planning under uncertain environment. GHG and noise emission plus social acceptance are the sustainability aspects considered in this work. Koltsaklis et al. [26] presented a multi-regional model for planning the Greece energy system under uncertain environment too.
Alternatively, some researchers propose MCDM (Multi-Criteria Decision-Making) and/or MADM (Multi-Attribute Decision-Making) methods to consider more sustainability parameters in energy planning. Indeed, this group of studies tries to select and rank energy technologies portfolio according to sustainability. For example, as an innovative method, Kaya and Kahraman proposed a fuzzy version of a multi-attribute method to select among the technologies [27] . Zhang et al. have used a modified version of MCDM method to evaluate clean energy alternatives based on some criteria, including technology, environment, economy and society. The proposed method is applied for Jiangsu Province in China [28] . Preferably, as one of the most powerful tools, some [7] presented a review on the application of DEA to energy and environmental studies. More recent works that apply DEA to energy assessment can be found in the literature, among from which some are mentioned here. Lins et al. [29] used a DEA framework to assess alternative energy resources in the Brazilian energy sector. In this research, sustainable development parameters are divided up as four main categories: investment and operation costs of electricity generation technologies, number of job generated, potential electricity provided and GHG emissions. S€ ozen et al. [30] presented a DEA approach to assess the efficiency of hydropower plants in Turkey by three main variables: amount of water collected at the dams, gross generation and operation costs of power plants. San Crist obal [31] and Boubaker [32] explored the efficient portfolio of renewable electricity production technologies according to sustainability criteria by using DEA framework. Shakouri et al. [33] have proposed a NEW-DEA (nonlinear version of Equal-Weight DEA) by applying a minor modification to the objective function of the basic model, to compare the efficiencies of fossil fuel (coal) power plants with nuclear power plants.
Although DEA framework is considered appropriate for handling multiple sustainability criteria to energy planning in recent studies, it cannot determine the optimum share of each technology to cover growing energy demand. Furthermore, objectives such as planning for annual investment and optimum share of installed power plants' activities cannot be obtained by DEA.
In this paper, advantages of both decision-making and optimization methods are utilized in a comprehensive energy planning process. Indeed, a method has been presented to consider social and environmental dimensions, as well as economic aspects, in planning for future of energy system of a developing country to meet growing energy demand for the study period 2013e2040. In other words, this study uses the multistage model combining DEA and MESSAGE in order to consider the sustainability parameters, which affect the modeling process exogenously.
For this purpose, at the first step, we will investigate and rank sustainability of technologies in the energy system using a specific DEA model with equal weightings for each sustainability criteria (inputs and outputs of DEA) across all technologies. In the next step, the system costs are recalculated regarding the weight each criterion has gained in the designed DEA model. Weighted sum of environmental, social and economic costs are fed to the planning model, then the MESSAGE-V optimizes the system costs and calculates the optimum share of each of the technologies in a 30-year scope. This way, the impacts of sustainability parameters on both technology selection and their optimum shares are included.
In the rest of this paper, the proposed procedure is explained in detail. The next section refers to NEW-DEA applied to determine the weightings [33] , and introduces MESSAGE-V. While signifying sustainability variables applied to DEA, the RES (Reference Energy System) is explained in Section 3. Then Section 4 presents the results for both NEW-DEA and MESSAGE-V, and finally Section 5 will analytically discuss the results to conclude the paper.
Modeling framework
In the first part of the proposed procedure, the electricity production technologies are evaluated according to desired sustainability criteria, relying on:
Environmental factors including pollutants and radioactive emissions, land and water use Economic factors including different kinds of costs Social factors such as job creation, social acceptance and reliability Two other factors have been considered in the evaluation of energy system technologies. The first one is the installed capacity of technologies in the present energy system. This factor evaluates the diversification of the system. To respect diversification, the factor has a negative effect in this model, i.e. technologies with high shares in the current national electricity energy supply are less essential and desirable to be installed in future as new units. Therefore, it is considered in the model to increase energy security through diversification.
The second parameter is the "global market growth potential", which has been incorporated in the model in order to prioritize technologies that have the highest potential in creating economic spillover effects: e.g. boosting national competitiveness in future global technology market, or enhancing the national innovation level, under internal technology knowledge progress.
A nonlinear DEA model, in which the weightings are enforced to be equal for the same inputs and outputs of all DMUs (Decision Making Units), is applied for this phase. DMUs are the various electricity generation technologies in this research. The major outcome of this phase is the associated weight of each sustainability parameter to gain the highest sustainability in the energy system.
In the second phase, the weighted sustainability costs of each technology will be calculated by using the weightings derived from DEA for each of the parameters of the sustainability costs, through the Weighted Cost Method, and will be fed to the planning model run by MESSAGE. This model will calculate the optimum share of each technology while including the sustainability costs of the system.
The procedure presented in Fig. 1 , conceptually summarizes the methodology applied for our planning model.
A NEW-DEA (nonlinear equal-weight data envelopment analysis)
DEA is a nonparametric mathematical formulation which aims to maximize the efficiency of a set of comparable DMU (Decision Making Units), i.e. the elements about which one has to make decisions by assessing/selecting/ranking. This method was introduced by Farrell [34] . DEA has been developed rapidly both in mathematical formulation and in its application since it was introduced for the first time. This method is appropriate for measuring the relative efficiency of DMUs with multiple performance factors, namely "attributes", which are quantified by some "parameters" and grouped into "outputs" and "inputs" [35] . Although the majority of its applications have spread in humanistic sciences, it is also recognized as a popular technique to address complex energy issues. Zhou et al. [7] reviewed utilization of DEA in energy and environmental studies.
Various DEA models are divided into two main groups: inputoriented and output-oriented models. While Input-oriented attempts proportionally contract DMU inputs as much as possible without decreasing its current level of outputs [35] , the outputoriented versions attempt to maximize output variables without any increase in the inputs. The original model is a nonlinear programming problem to find optimal weightings for each DMU, while attempting to maximize all DMU's efficiencies individually:
The model considers a set of n DMUs, with each
, which indicate undesirable parameters (attributes), and generating p outputs y kj (k ¼ 1, …, p), representing desirable parameters (attributes) of the DMUs. Decision variables u k and v i are the weights given to each output and input, respectively, which should be determined by solving the optimization problem. Here, ε is the predetermined smallest amount given to each weight of criteria, and e j is the efficiency calculated for each DMU j .
In the current study, we have used a nonlinear version, with minor modifications, which was applied first by Shakouri et al. [33] for assessment of several electricity generation technologies. This model of DEA forces all weightings of each input/output to be the same for all DMUs. So, it is called NEW-DEA (Nonlinear EqualWeight DEA). For example, the importance weight of emissions, as an undesirable output, should be the same for various power plants, no matter where they are located or what fuel they burn. It is noticeable that from the viewpoint of overall sustainability in an energy system, there is no difference between the importance of CO 2 emissions from fossil fuel power plants, regardless of where they are located and what they are burning. The model is represented as follows:
s:t: : e j 1; cj (5)
By applying this kind of DEA, it is possible to measure the weight of each of the input/output parameters as well as the technology efficiencies in order to achieve the maximum sustainability. We will use these weights to calibrate the sustainability costs of the system. It is explained in Ref. [33] that the weightings for primary energy (as the first input) and output electricity (as the first output) have to be set to one, in order to assure that the efficiencies are consistent with the definition for energy systems. Therefore, as a simple example, e j in (4) can be formed as follows:
where PE and El represent input and output energies respectively, JC stands for job creation as a desired output, and AC and W are annual costs and water use respectively. As far as relevant and reliable data is available, one may add other terms to both the numerator (outputs) and the denominator (inputs) as much as desired. Since the dimension of both parts in the fraction is forced to be "Energy", dimensions of the weightings should be appropriately set so that is consistent; e.g. v 1 should have a dimension of "Energy/Currency" and v 2 is found in "Energy/Volume", etc.
A brief introduction to MESSAGE-V

MESSAGE (Model for Energy Supply Strategy Alternatives and their General
Environmental impacts) is a model designed for the optimized planning of an energy system. The model originally was developed at the IIASA (International Institute for Applied System Analysis). However, for this research MESSAGE-V was the latest available version which is acquired and distributed by IAEA (International Atomic Energy Agency) in 2005, after several enhancements [36] . Besides MESSAGE-INT, which is released thereafter, other advanced versions of MESSAGE exist too.
The underlying methodology of MESSAGE-V is optimization. It provides a flexible framework for a bottom-up modeling of large energy systems. Although the system can be divided to different regions, regarding the value of time, inherently it is a onedimensional (dynamic) model and spatial dimensions are not included. Because of the ability of defining some variables as integer numbers, this model is a MIP (Mixed Integer Programming) model. The objective function of the model is minimizing the present value of total costs of the entire system, including: fixed and variable O&M (operation and maintenance) costs and investment costs of energy conversion technologies, as well as the costs of resource extraction. A simplified version of the objective function can be expressed as follows: 
where, d t indicates the discount rate at time t, I t,j is the investment cost of the j th technology (dependent on its capacity), F t,j is the fuel cost consumed and OM t,j represents all O&M costs (both dependent on the production rate). The capacity and production level for each technology are the decision variables which are obtained by solving the MIP problem.Any number of constraints can be imposed on the model; e.g. limits on new investment, resource availability, market penetration for a specific technology, pollutants emitted by various technologies, etc. Since it is a well-known widely-used software, we skip expansion of the objective and formulation of the constraints, and refer to [36] for the sake of brevity.
Structure of the model for the RES (reference energy system)
The structure of the energy system for the case study and the required data are elaborated in this section. Beforehand, we have to define and calculate the sustainability costs, which come first in this section.
Sustainability input/output parameters
To shed light on how to appropriately choose input/output parameters in the first stage, a brief description is given here for the meanings of input and output. Usually, it is desirable for a designed system to use less inputs for one unit of its main output, here electricity (kW-year), as low as possible. Inversely, it is desirable to output other benefits as much as possible; but like any other human-designed system, there are some undesired outputs in energy systems, e.g. CO 2 emissions and radioactive wastes of technologies are undesirable and should be reduced to improve the system performance.
On the other side, labor force, from the economics viewpoint, is in fact an input to the system and it is usually considered as a negative factor, because human resources are costly [37] . Nevertheless, from the viewpoint of "entrepreneurship", the higher need for labor could be a positive characteristic for political economists, as job creation is one of their objectives. Particularly, in developing countries with high population and low employment rates, uncontrolled unemployment may cause social crisis. Therefore, the potential to provide job positions is considered as a desired output for electricity generation technologies.
Beside excluding both outputs with negative effects and inputs with positive effects, Seiford et al. [35] proposed some other approaches to include undesirable factors in the DEA model through some of which linearity and convexity of the model are preserved. The first suggests an inverse transformation which makes the model nonlinear. The second is to treat the undesirable outputs as input variables and vice versa. The third proposes to reverse the output values and add a positive small scalar to avoid triviality. In this study, we have applied the second approach, which is already used by Lins et al. [29] .
Sustainability attributes and parameters
As it is listed in the previous section, three main dimensions assess sustainability: economic, social and environmental, where each dimension is characterized by several attributes and a quantified parameter represents each attribute. In this study we have chosen a limited number of attributes of each dimension to assess the sustainability of power plant technologies, which are listed below:
Economic: primary energy resources, capital costs, fixed and variable O&M, including all operation and maintenance costs of each technology, the majority of which is fuel costs. Social: potential of job creation for each electricity generation technology Environmental: CO 2 e emissions and radioactive wastes and/or harms (as the externalities), land and water use (as extra environment related internal costs) of the technologies.
There are other social and environmental factors that may affect decision-making but are not considered, e.g. social acceptance, local air pollution and health outcomes. Alternatively, the two extra parameters, explained in Section 2, can be summarized as:
The global market growth of technologies, to assess their potential to create more spillover effect by technologies progress.
As pursuing a worldwide experiences to locally adapt for new technologies is desirable, this parameter is noticed as a positive one.
Dominance of a technology, which is measured by the ratio of the initial market share of each technology to the corresponding desired market share.
To avoid consequences of market dominance by a widely spread technology, this was our basis for assessment of diversification in the technology portfolio. The total installed capacities (in the basis year) multiplied by the plant factors give the total annual productions, by which one can calculate the initial market shares, namely M s j ¼ Active capacity of the jth technology Total active capacity ; j ¼ 1; …; n. Denoting the total levelized costs for each technology by C 1,j , we have also calculated desired market shares by the fallowing formula:
where l is a negative exponent and represents importance of the economic parameters. It is indeed a design parameter, usually between À1 and À5. The larger its absolute value is the higher M d j is obtained for the cheaper technologies. Since C Àl 1;j indicates "attractiveness" of the jth technology on the basis of its total annual equivalent costs, found by (11) , it is set to À1 for simplicity and having no preference to decrease the attractiveness of the cheaper technologies based on this index alone. This way, the market dominance can be defined as:
Illustrating the system, Fig. 2 lists the inputs and outputs to the technologies, as well as the technologies being assessed by NEW-DEA. However, it is possible to include as much as attributes that one may consider essential for such a decision-making process. Nevertheless, whatever considered, it should be measured by a transparent quantitative measure. Some attributes might be measured by several different parameters; e.g. radioactivity is measures by radioactive wastes in some works [33] , and by personrem 1 per year in some other [38] . A decision-maker should decide first what measures are best describing his/her concerns. 1 Roentgen equivalent in man.
The parameters chosen for the current study are summarized in Table 2 , along with their values for each technology at the basis year, 2012. Total installed capacities are elicited from Iran energy balance sheet [1] , other technology information are elicited from international sources like annual energy outlook 2014 [39] , WETO (world energy technology outlook) [40] , and Wei et al. [41] , each specified bellow the table.
Scaling the parameters by the weightings
All values of the sustainability parameters should be converted to a certain currency, say $, for a specific amount of electricity generation, say one kW-year. To formulate our proposed methodology of inserting sustainability costs to the optimization model, the specific cost of sustainability parameters are calculated by the common weightings obtained by NEW-DEA. Suppose that the levelized capital costs, plus fixed and variable costs for the jth technology are summarized by C ij , i ¼ 1:
where V j , F j and I j are variable, fixed and investment (capital) costs respectively, PF j represents the Plant Factor of the jth technology, and CRF j indicates the Capital Recovery Factor defined by:
given the discount rate, d, and life period of the jth technology, N j . Hence, if the specific cost of the ith sustainability parameter is shown by c i , we have: c 1 ¼ 1, since C 1,j is already in terms of "Currency/Energy". Then, the specific costs of the other abovementioned sustainability parameters are calculated using the weightings obtained from NEW-DEA. To do so, we suggest calibrating the costs using the following formula:
where C j is the total sustainability cost for the jth technology and Regarding positive parameters, c k ¼ u k /v 1 is applied as a specific benefit of the corresponding parameters, e.g. job creation, which is a factor that reduces the costs. Hence, the variable cost due to each Fig. 2 . Illustration of the inputs and outputs, and the DMUs in DEA. sustainability parameter, concerning each technology is the weighted average of its various sustainability costs. To summarize, in the first term of (13) all the economic attributes are squeezed; the second term contains costs of all undesirable attributes; and the last term estimates the benefits from desirable attributes.
Structure of energy supply model based on MESSAGE-V
In this section, the RES is introduced, and the major building blocks of MESSAGE-V are defined and the data for the model introduced in details.
Energy flow
MESSAGE-V first requires definition of energy levels, starting from demands to the resources. Indeed, energy levels present different stages of conversion processes. In the current study, three main levels have been considered for electricity: 1) electricity which is produced by power plants and is going to be transported by transmission lines, 2) electricity before distribution, and 3) electricity demand (see Fig. 3 ). There are also five main energy carriers in the resource level: 1) nuclear fuel, 2) natural gas, 3) diesel, 4) heavy oil (so called Mazut) and 5) coal. Finally, the model includes four renewable resources: 1) hydropower, 2) wind power, 3) solar, and 4) geothermal power.
Given the ongoing circumstances for the country, imports of coal and natural gas are possible, while trade for uranium is assumed impossible.
The price of resources represents the entire cost of the fuel production chain, including extraction, refining and transportation of the fuel to power plants.
Both GT and CCGT are defined multifunction technologies and can use either gas or diesel as fuel. In addition, ST can use heavy oil as an alternative fuel too.
Load regions for electricity demand
Demand for energy carriers vary by time, thus the load variations have to be specified during a time period, here a year. Based on how the variations can be simplified by piece-wise constants in the year, several load regions are defined. Normally, three distinguishable load regions in a year can be defined for both electricity and gas consumption: cold (winter), warm (summer) and moderate (spring/autumn). Each day is also dividable into three parts according to daily load curve. Thus, each year is divided into nine load regions. Based on actual data for electric power load between 2005 and 2010, Figs. 4 and 5 represent demand of electricity in various load regions for the system. It is seen that the share of night electricity consumption has observed a small reduction, and recently, the peak load has shifted to summer days.
Demand
Unlike LEAP, that provides a professional framework to model and project demand by a bottom-up approach, in MESSAGE-V, demand has to be given exogenously. There are many works done to forecast the countrywide electrical energy demand in the region [42] . One applies a hybrid nonlinear top-down model [43] and the one which is supported by the Ministry of Oil is a detailed bottomup one developed by means of LEAP [44] . The projection of final electricity demand is taken from a report approved by the Ministry of Power [42] shown by Fig. 6 . As it seen, according to the estimates for major factors affecting the electricity need, i.e. population and GDP growth, an almost linear growth (decaying growth rate) is considered by the Ministry for the future demand trend.
Technologies
Technology boxes appear in the model to represent either conversion or transmission/distribution of energy carriers. The model allows accounting of existing (historical) capacities of all technologies; the corresponding data are presented by Table 3 . Each technology is identified by two groups of variables: activities (actual annual production level) and capacities (the maximum possible annual production level). Activity variables deal with operational characteristics of the technologies and capacity variables deal with the investment for the installed capacities. Growth circumstances for the technologies are considered by two groups of constraints: 1) global constraints, which capture total capacity installed in the world, and 2) annual growth constraints to limit annual growth in the capacities, regarding local restrictions. The past experiments in technology growth have been taken as the basis to set up these constraints. Table 3 presents caps on growth of each type of power plants too. These constraints indicate technical limitation of expansion of the technologies. The increase in the new capacity added to each of PV (photovoltaic), wind turbines and nuclear power plants in the first year is limited to 200, 200, 1100 MW, respectively. Based on the average growth rates in the near past, and assuming an increase in the technical knowledge gained through learning, these limits can increase by 7% annually. For most of the technologies expert's experiments, supported by historical statistics leading to 2013, along with the results obtained by other models, admit that such a growth is possible [42] , but no guarantees. Total installation of geothermal power plant is enforced to remain less than 500 MW. The maximum potential for hydropower is estimated to be 10 GW for large hydro power plants and 2.5 GW for the other hydro power plants (i.e. medium, small, mini and micro). These amounts are also based on the historical development trends in the years leading to 2013 [42] , and because of enough experience and saturated learning no limits was considered for its capacity addition. Table 4 presents techno-economic specifications of the technologies. Availability of data helped to split some technologies to more specific smaller groups for hydro-turbines, wind turbines, and photovoltaic panels. This was not the case for the first stage, i.e. NEW-DEA, since data was not found for the attributes separately.
The cost of nuclear fuel represents total cost of the whole fuel production cycle and the elaborate information about the cycle details is ignored. The overnight costs of installation are taken from EIA, which is assumed to gradually reduce according to projection of global technology price reduction [39] (See Fig. 7 ).
Resources
Fossil fuels in the country include heavy oil, natural gas, diesel and coal. The proven reserves are estimated to reach almost 33.79 trillion cubic meters for natural gas and 1.17 billion metric tons for coal [1] . Average global prices of these carriers for 2011, 2010, 2009, 2008 and 2007 are considered as the resource intrinsic values: 6840 $/Gbtu for natural gas, 124.2 $/ton for coal and 800 $/MWh for uranium [45] , 430 $/m 3 for diesel and 380 $/m 3 for heavy oil [42] .
Constraints
In addition to the constraints for production ceilings of the concurrently generating technologies and the limits caped on each resource, the total annual budget for investment in the electricity sector has been limited to 4 billion dollars. This includes all kinds of potential investments by the public sector and/or both domestic and foreign private investors. As described before, regarding operational circumstances and based on the past experiments in the world, other constraints are added for new technology growth rates to restrict their unrealizable fast burst (See Table 3 ). 
General information
The time horizon of this study is the years 2013e2040 and the present value of the expansion and operation costs has been calculated at the 2010 prices. Considering the current economic recession (particularly caused by low oil prices and low resources for investment), the discount rate has been considered 8%, which is less than the usual interest rates in Iran, to further develop new technologies, especially regarding the contemporary weakness of the economic situations in the country, and a probable instability in the exchange rates. Indeed, the local nominal interest rate is about 20% and the inflation rate has recently dropped to 10%, meaning an about 9.1% real interest rate. However, the foreign investment is required which hopefully will be available in much lower interest rates. The optimization time step is set to annually admit the first 2 years (2013e2014), and then it switches to 5-year periods for the rest (i.e. 2015e19, 2020e24, …, 2035e39).
Results
The relative weights of sustainability parameters are obtained by NEW-DEA introduced through (4) to (6) . Then, in addition to usual variable O&M costs, sustainability costs of the technologies are calculated according to the associated relative weights. On the other hand, desired parameters are assumed to affect as benefits, reducing the costs, see (13) . Finally, entering all costs to MESSAGE-V, the mixed integer programming model has been run to obtain the optimum share of each technology in the future expansion of the energy system. The results of each part will be elaborated in this section. Fig. 6 . Projections of electricity demand (MW-year) [42] . 
NEW-DEA results
The results obtained for the relative weights, c i 's in (13) , are presented by Table 5 . It is worthy to mention that the optimization is iterated by different values for ε in (6) , which is calculated by:
where max x (.) means maximum of a term dependent on x, found by changing the independent variable, x. A similar meaning ave x (.) has, where "ave" stands for averaging. If the index is not relatively close to zero, a modification in the inputs/outputs data scales may be required to overcome the problem.
We have found that water use sustainability cost, i. ; RI ¼ 2.4 Â 10 À4 ), while there is not a specific local price available. External costs are found to be around 5.7 $ per metric ton, and 30 cents per person-rem for CO 2 e and radioactive harms, respectively. Fig. 8 shows the weighted sustainability costs/ benefits calculated by the method described under formula (13) , in comparison to the O&M annual costs of each technology.
Overall efficiencies of the competing technologies are sorted in Table 6 . The findings show that all renewable technologies are the most suitable technologies according to sustainability measures. This accounts for low pollution, high global market growth, high potential of job creation and low share in the current electricity production by the country.
Besides PV, geothermal and wind power technologies are ranked high, which is compatible with sustainability criteria. They emit the least grams of CO 2 e per one kWh of energy through their life cycle among all the studied technologies. Furthermore, the low variable O&M costs of these technologies make them more economically competitive. Global market growth and less water use are other contributing parameters in this regard. In addition, wide areas with great potential of wind energy have made the resource a suitable option for producing electricity. Studies and evaluations show a potential of 60 GW of wind power to be installed in windy regions of the country [42] . A more subtle point to be considered by investors is the medium rank of hydropower plants. High utilization of water and land, plus the high contribution of hydro power plants to the current electricity generation network (about 13% of electricity generation capacity) has led to a low rank for this technology. This is compatible with the low potential for extra water resources in the country. Recent drought years in the region revealed that there is no more possibility for new dams. However, world experiments show if hydropower could be established in various sizes, there would be higher chances for small capacity hydropower plants to develop in future [46] .
After CCGT, with the first rank among non-renewable energies, coal power plants stand at the next ranks. Although not renewable, spread of these technologies may contribute sustainable development merely for their ability to produce electricity with lower levelized costs and land use.
Having the highest capital cost and huge water use, it is noticeable that nuclear power plant is ranked as the worst technology. Any extra probable costs or benefits that this technology may have had for the country are ignored in this study. Fig. 9 shows the optimal share of capacity for each power plant from 2013 up to 2039. Table 7 contains the numbers for new installed capacities, and Table 8 represents the corresponding shares in total active capacity, where the total annual production is found beneath the table. Both the tables contain results for an unsustainable scenario (which will be introduced later in this section) as well. As can be observed, although the share of gasbased power plants has decreased dramatically during the period, they still maintain a remarkable share of the total capacity. The total share of gas-based power plants (including GT, CCGT and ST) is approximately 84.7% at the beginning of the period. GT with 34.8% of the total capacity, ranks first among all. The CCGT with 26.4% and the ST with 23.4% take the next places respectively. However, in the final period (2035e39), gas-based power plants will roughly take 54.8% of the installed capacity, where CCGT will take 32.3%, GT 8.9% and ST 13.1%.
Optimum shares of the technologies
Starting from zero, the capacity of geothermal power plants will increase reaching a total capacity of around 500 MW (around 0.5% of total installed capacity). The total share of hydro power plants in the total capacity will remain constant, around 13.8% (about 11.8 GW at the end). Due to the limitation of national water resources, new installation of large hydro power plant units is limited to 1 GW, postponed to the period of 2020e24. However, medium, small and mini hydro turbines can develop from 145, 17 and 0 MW in the beginning year to 595, 597 and 600 MW respectively. Therefore, a shift from large scale hydro power plants toward small scale is advised by the model. Solar power is one of the most important renewable sources that have a significant share in the last year of the study period. Although PV power plants in large scale and solar thermal power plants should be expanded considerably from 2015, in small scale, PV-DG will witness its growth later from 2020 onwards. The total capacity of PV-DG, on-grid PV power plant (PV-connected or CSP), and solar thermal units can reach 1174 MW, 1651 MW and 4100 MW, respectively. Therefore, the share of solar power in the total installation of electricity generation will increase from almost zero percent to 8.1% during the study period (see Table 8 ).
Wind power plants (including both wind farm power plant and DG units) will contribute in the generation mix with almost 2.8% (800 MW for wind farm and 1632 MW for DG units). In addition, from 2020 the share of coal power plants will increase to meet the growing demand. In the last year pulverized coal power plants will have about 15.2% of the total installation capacity (13 GW). Evidently, there is no need for gasification of coal in a country that is ranked second for its gas reserves, so IGCC will not have any share. Finally, due to high costs, it is advised by the model to postpone new installation of nuclear power plants to the last period, i.e. 2035e39, with 3.3 GW additional capacities, which updates its share to 5.2% at last.
Production activities and the shares
The total electricity production doubles from around 30 GWyear 2 to 62 GW-year in accordance to the demand growth.
Optimal shares of electricity generation from each power plant are shown in Fig. 10 for the sustainable solution. Based on the model assumptions, CCGT will have the most contribution with 40% in total electricity generation (24.8 GW-year in the last period). Then, pulverized coal power plant is the second principal technology that meets the most demand with almost 17.8% contribution (11,050 MW-year in the last year). SP will produce 9524 MW-year annually (around 15%) in the last period. The share of electricity generation by GT will decrease from 31% in the base year, (9.4 GW-year) to 10.3% (6.35 GW-year) in the last year corresponding to the decline in new installations and depreciation of the old plants.
The share of hydropower is the highest among all renewable and clean energies. The power generation in large hydro power plants will not increase more than 270 MW-year, assuming desirable climatic conditions and enough precipitation. Growth in the other technologies production forces the share of hydro to decrease from 8.1% to 4.4%. Other hydropower plants will partially fill the gap, hitting 860 MW-year in the last period. Wisely designated water resource protection policies may even prevent this small amount of expansion.
The share of geothermal power plants in electricity generation can increase from zero to 0.7% during the study period (425 MWyear annually), while the production from nuclear plant will reach to around 3.52 GW-year annually, at last.
Among other renewable power generation technologies, solar has to rise in generation share. Although the share of electricity generation by renewable technologies is negligible in the first year, they should meet 3.6% of the total demand in the final period. Solar thermal should produce 1640 MW-year annually in the last 5-year (2.7%), PV-connected (CSP) have to contribute by producing 412 MW-year annually and PV-DG would contribute by producing 146 MW-year annually to partially meet the total electricity demand.
Meanwhile, the share of wind power generation will increase less, i.e. from 0.1% to 0.9%, divided to wind farms and the DG units by annual production of 240 MW-year and 297 MW-year respectively.
Comparison to an unsustainable scenario
In order to better investigate the effects of "allowing for the sustainability costs in the planning procedure" on MESSAGE, we have solved the same energy system model without of the sustainability costs. In other words, this time, MESSAGE merely optimizes the total investment costs, the fixed costs and the variable O&M costs of technologies. The two last tables include results for the usual unsustainable solution. Moreover, Fig. 11 shows the numbers for the optimum shares of capacity, and Fig. 12 shows the share of electricity generation in this scenario. Comparing the results of these two scenarios, the following points are worth mentioning:
Comparing the total costs of the two scenarios, using (8), (11) and (13), it is revealed that by investing $11.55 billion more in the sustainable scenario, the country will save $6.91 billion in O&M costs ($9 billion from fuel costs), and will benefit about $1.04 billion from sustainability of the system, in addition to gaining $7.47 billion (less sustainability costs) by providing a more environmentally desirable system. It means that the benefit-cost ratio is 15.42/11.55 ¼ 1.34. Fig. 13 illustrates a comparison between the two scenarios by costs and benefits (all given as present values). As is observed, by applying weighted sustainability costs, the system shifts towards less fuel consumption and more socio-environmental benefits. Regardless of sustainability, the benefit-cost ratio is less than one (i.e. 6.91/11.55 ¼ 0.6), meaning that achieving a sustainable system requires extra attention to real/external costs of the system. The maximum investment was expected to occur in 2014 ($4.54 billion), and another $13.22 billion should be supplied in the 5-year period of 2025e29. As a consequence of less fuel consumption, emissions of GHG have decreased due to the inclusion of their external costs. Also, total water consumption will decrease by taking water use costs into account, which is imperative for the dry case study region. Nevertheless, additional capacities for nuclear power plants in the last period will cause the system consume more water in the sustainable scenario, which is disputable because of the water resources serious future challenges. On the other side, this will cause less GHG emission thereafter. Figs. 14 and 15 illustrate the trends of water consumption and GHG emission produced per unit of electricity generation for both scenarios, respectively. The sustainable scenario leads to reduction of natural gas consumption by about 30.3 GW-year during the entire period. Conversely, consumption of coal and uranium increases about 45 and 8000 MW-year, respectively, to partially compensate that reduction. As a validation effort, the shares obtained for three main categories of resources in the both scenarios are compared with that of the National Plan provided by the Ministry of Power [42] in Table 9 . Since the corresponding RES and differentiation of the technologies, as well as the unit sizes differ, it was impossible to perform a detailed comparison. However, it is clear that their study, which includes all energy demands, has tried to reduce fossil fuel consumption for electricity generation by means of the renewable technologies rather than the nuclear. 
Discussion and conclusion
In brief, the main contributions of this paper can be summarized in the following:
Methodological: By combination of two well-known decisionmaking tools, this paper proposes a novel comprehensive method for assessment of the electricity generation technologies and optimization of their shares in a long-term countrywide expansion planning. By this method, costs (benefits) of many kinds of sustainability parameters are estimated in currency. This enables combination of them with the regular financial (economic) criteria in any economically optimizing program. This methodology has the potential to be used for any larger RES including other kinds of energy demand as well. Conceptual: Application of the proposed methodology to an energy-rich country reveals that even by consideration of sustainability costs, and without any effective action to expand renewable energies, burning fossil fuels will continue for many years. This behavior might be observed in many developing countries because of the lowered fuel prices, which is a real warning for the human-being race and all who are thoughtful of the near future of the home planet, the Earth.
Taking into consideration both internal and external costs to achieve a sustainable system rises some important points which are discussed below:
1. Study results indicate that sustainability requires more investment to attain less harm from the system to the environment. Higher initial expenses and annual fixed costs can result in less fuel costs and a more sustainable system, but still not a satisfactory one. In this example of energy planning, some sustainable technologies like wind power plant haven't achieved considerable shares (only 2.8% of the total installed after 27 years). Indeed, in developing countries, which are characterized by dominance of fossil-fuel-based technologies, low relative fuel costs and no limitation on burning fossil resources may lead to a negligible share of renewable technologies, even if the sustainability costs are added to calculation. Therefore, in order to prevent some global environmental impacts, such as global warming, Ozone depletion etc., governments need to continue incentives such as granting lowinterest loans, or set penalties such as 'carbon tax', etc. to develop renewable clean energies. 2. Consideration of sustainability costs has led to the economization of small scale hydropower plants. These technologies are considered as a substitute for large hydro power plants which have resulted in numerous negative environmental effects in the recent years. In our case study, they can supply around 1.8 GW of the demand, which is 18% of the total hydro power, in the last year. 3. Despite its capacity limit and zero shares in the base year, geothermal is one of the renewable technologies that has achieved a remarkable share at the final year of the model (500 MW, i.e. the upper limit). The natural potential to use the earth's thermal power has created a good opportunity for the development of this technology. On the other hand, using the binary cycle geothermal power plants alongside the GT or ST units will lead to a reduction in both gas consumption and GHG emissions. 
Table 9
Shares of three main resources at the last period of the planning horizon obtained by the two scenarios in comparison to the results of the National Plan given in Ref. [35] . There are a few solutions to include such parameters in the process of determining the optimum shares, one of which could be altering MESSAGE's objective that may lead to nonlinear and/or multi-objective models [6] . As an instance, one may define a second objective function for the model in order to maximize the diversification index of the energy system along with decreasing the costs. This is recommended as a topic for further research. 5. As a sensitivity analysis, the basis for external socioenvironmental costs of CO 2 e emission is increased to hit $60 per metric ton, i.e. by 10 folds. Results are summarized in Fig. 16 . It is seen that there will be not any magnificent change in renewable technologies capacity, because of the imposed technical limits defined in the model. Instead, gas based production may be replaced by nuclear power plants. Nevertheless, if the CO 2 e emission costs are increased by more than 10 folds, then one can expect a dramatic decrease in the production of coalbased power plants, which will be compensated by a relatively cleaner resource, i.e. natural gas, nuclear and renewable energies. 6. Although this study focused on the electricity sector expansion, the proposed multistage planning model is a general approach that can be easily extended to include all other sectors in an energy system as well.
As an important conclusion, the model demonstrates well that combination of the current costs considered for sustainability issues with the recent (2014e2015 winter) drop in fossil fuel prices, the world community cannot expect developing countries to invest on renewable energies and stop burning fossil fuels. Higher discount rates will even worsen the problem for the expensive technologies. Neither energy-rich countries, who own fossil fuel resources, nor other developing countries which can buy cheap fuels for their power plants will pay more to save the globe from climatic threats. The solution relies on both ascending fuel prices, and extra effective governmental (even global) policies in providing more incentives for renewable energy technologies and/or more taxes on fossil fuel consumption. As a future work, we have to consider fossil fuels as feedstock to petrochemical industries in a more complete energy reference system, where the low prices lead to high value added in non-energy uses of these chemicals.
Obviously, any resource economist would try to develop the most optimal production profile for an exhaustible resource, which may cause higher prices in near future. 
